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By Edwardw.
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PerkinsandDonaldM. Kuehn

SUMMARY

Pressuredistributionsandforcecharacteristicshavebeendeter-
minedfora bodyofrevolutionconsistingof a finenessratio5.75,
circular-arc,ogivalnosetangentto a cyUndricalafterbodyforanangle-
of-attackrangeof0°to 35.5°. Thefree-streamMachnuniberwas1.98and
thefree-streamReynoldsnuniberwasapproximately0.5X 106,basedonbody
diameter.

Comparisonofthetheoreticalandexperimentalpressuredistributions
showsthatforzerolift,eitherslender-bodytheoryorhigher-order
theoriesyieldresultswhich-arein goodagreementwithexperiment.Fbr
theliftingcase,goodagreementwiththeoryis foundonlyforlowangles
of attackandfortheregioninwhichthebodycross-sectionalareais
increasinginthedownstreamdirection.Becauseoftheeffectsof cross-
flowseparationandtheeffectsof compressibilitydueto thehighcross-
flowMachnumbersatlargeanglesof attack,theexperimentalpressure
distributionsdifferfromthosepredictedby potentialtheory.

Al’thou@theflowabouttheinclinedbodywas,in general,similar
tothatassumedasthebasisforAllentsmethodof estimatingtheforces
resultingfromviscouseffects(NACARMA9126), thedistributionofthe
forceswassignificantlydifferentfromthatassumed.Nevertheless,the
liftandpitching-momentcharacteristicswereinfairagreementwiththe
estimatedvalues.

INTRODUCTION

Theneedforaccurateknowledgeoftheflowaboutbodiesof revolution
hasbecomeincreasinglyimportantforthedesignofhigh-speedmissiles
andairplanes.Fortheseaircraftthebodycontributiontotheaerodynamic

%upersedesNACARMA53E01,by EdwardW. PerkinsandDonaldM. Ku&n,
1953.
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2 “NACATN 3715

characteristicsofthecompletevehiclehasassumedgreaterimportance
thenheretofore.Notonlyi~thereneedformoreaccurateJmowledgeof
theflowforthecustomarylowanglesof attackbut,becauseofmaneu-
verabilityrequirements,theflowcharacteristicsmustbe knownfora
muchlargerangle-of-attackrsnge.

Sincetheeffectsofviscosi~playa predominantroleindetermining
theflowoverinclinedbodiesevenatmoderateanglesofattack,the
resultsofpotential-flowtheoriesarevalidonlyforsmallanglesof
attack.An additionallimitationontherangeofapplicabilityof certain
theoriesresultsfromtheassumptionofincompressiblecrossflow.
Inreference1,forinstance,itisindicatedthatthemethoddeveloped
shouldbe applic~leaslongastheMachnumbernormalto theticlined
axisofthebodyisnotlargec~ared withthecriticalMachnwiberfor
a circularcylinder.However,forsupersonicspeeds,theMachnumber
normaltotheinclinedaxismaybecomesolarge,evenatrelativelysmall
auglesofattaclC,thattheeffectsof compressibilityonthecrossflow
canno longerbe neglected.Oneofthepurposesofthepresentinvesti-
gationis,therefore,to indicatethenatureoftheeffectsofboth
viscosityandcross-flowcompressibilityandto showwhereinthepressure
distributionfora slenderinclinedbodyofrevolutionina supersonic
airstreamdiffersf%omthatpredictedby availabletheory.

Althoughthereisno simpletheoreticalmethodavailableforpre-
dictingeithertheviscousorthecross-flowcompressibilityeffectson
thepressuredistributions~anapproximatemethodtoaccountforthese
effectsontheover-allaerodynamiccharacteristicswasproposedin
reference2. Ithasbeenshown(ref.3)thatthismethodprovidesan
improvementoverthepredictionofpotentialtheoryaloneforboththe
liftandthedragrise.However,itwasfoundthatthecentersofpres-
sureforthebodiesconsideredwere.aftofthepositionspredictedby
theapproximatetheory.Becauseofthisdiscrepancy,thepresentexperi-
mentalinvestigationoftheloadingofan inclinedbodyhasbeenunder-
takentoaasessthevalidityof certainoftheassumptionsmadeinthe
approximatemethodofreference2. Inparticularjthepurposeofthe
presentinvestigationistodeterminewhereinthemagnitudeanddistri-
butionofthecrossforcesresultingfromviscouseffectsdifferfrom
thoseassumedintheapproximatemethod.Resultsof similastudiesof
pressuredistributionsandforcecharacteristicsof a parabolic-arcbody
ofrevolution(NACARM-10)andanogive-cylinderbodyareavailablein
references4 and5, respectively.

SYMBOLS
,. i

A

Cdc

xd2referencearea,—
4

sectiondragcoefficientofa circularcylinderbasedon
bodydiameter
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experimental
diameter

localcross-flowdragcoefficientbasedonbody

liftcoefficient,—
&

pitch#g-mome;tcoefficientaboutthenoseofthemodel,
—=-z&z%x&
w

locslnormal-forcecoefficientperin.,

totalnormal-forcecoefficient,~ZCndX

maximumbodydiameter

liftforce

bodylength

lengthofogivalnose

pitchingmmuent

free-stresmMachnuniber

cross-flowMachnwiber,~ sina

localstaticpressureonthemodelsurface

free-streamstaticpressure
P - P.

pressurecoefficient,—
%

liftingpressurecoefficientCp - %a~

free-streamdynsmicpressure

free-stresmReynoldsnunherperinch

cross-flowReynoldsnuniberbasedonbodydiameter

modelcylindricalcoordinates,originattheapex(0= 0°
intheverticalplaneof symmetryonthewindwardside)

angleofattack

.
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4 NACATN 3715

TESTSAPPARATUSAmD

Tunnel

ThisinvestigationwasconductedintheAmes1-by 3-footsupersonic
windtunnelNo.1. It isa closed-circuitvariable-pressuretunnelin
whichtheReynoldsnuuiberischangedby varyingthetotslpressurewithin
theapproximatelimitsofone-fifthofan
pheres.Adjustmentoftheflexiblesteel
andlowerwallsofthenozzle,providesa

Models

atmospheretothreeatmos-
plates,whichformtheupper
Machnuniberrangeof1.2to2.2.

Twoogive-cylindermodelsweretestedwithgeometricallysimilar
noses,butwithdifferentmaxhumdiametersanddifferentfineness-ratio
cylindricalafterbod.ies.Bothmodelshada 33-1/3-calibertangentogive
nose(finenessratio5.75). All pertinentmodeldimensionsendorifice
locationsareshowninfigure1.

Tests

Thepressure-distributiondataforbothmodelswereobtainedfor
a Machnumberof1.98end a free-stresmReynoldsnuniberof0.5x 106
perinch.Model1,forwhichpressure-distributiondatawereobtained
onthecylindricalafterbodyonly,wastestedthroughtheangle-of-attack
rangeof0° to 35.5°. Becausetheerrorsduetotheirregukritiesin
theW streamwerelsrgeccaqpsredtothemeasuredpressuresforlow
anglesofattack,allthedataforanglesof attackoflessthan10°were
discarded.Subsequently,model2,forwhichpressure-distributiondata
wereobtainedforthenoseaswellasthecylindricalafterbody,was
testedinen-roved airstreamthroughtheangle-of-attackrangeof
Ooto15°. SincethemodelsW=e instrumentedwithlongitudinalrows
oforifices,circumferentialpressuredistributionswereobtainedby
rotatingthemodelsthroughthe.desiredrangeof circumferentialangle
(e)h ticr~tsOf15Q. All pressureswerephotographicallyrecorded
froma mult@le-tibemancmetersystem.

REDUCTIONOFDA!lM

Thedatawereinitiallyreducedtotheformofenuncorrected
pressurecoefficientbaseduponfree-streamconditionsatthenoseof
themodel.Withtheassqptionofa two-dimensionalstream,thedata.
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werethencorrectedfornonuniformitiesofthefree-streampressureby
a simplelinearsuperpositionofthesepressurenonuniformitiesandthe
measuredbodypressures.Allcorrectedpressurecoefficientsformodels
1 end2 areshownintablesI andII,respectively.

Thecorrectedpressurecoefficientshavebeenintegratedaround
thebodyat23 axialstationsonmodel1 andat29axialstationson
model2 foreachangleofattackto obtainthesectionnormal-force
coefficients.Theseforcecoefficientshavebeencorrectedforthe
effectsoflocalstreamangleandstreamcurvature.Formodel2,the
loadingwasknownoverthecompletebodylength;therefore,totalforce
andmomentcoefficientswereobtainedfromgraphicalintegrationofthe
correctedcross-forcedistribution.

PRECISIONCO?~

Theuncertaintyoftheexperimentaldatahasbeendeterminedly
considerationofthepossibleerrorsoftheindividualquantities
(includingcorrections)usedinthecalculationofthef~ data.
Thesetidividuslerrorswerecombinedbytherootmeansquaretogive
thetotaluucertahtywhichisshowntn-
eachparameter:

CP (inplaneof syfmne~)
~ (otherthaninplaneof
Cn
CL
cm
a

thefollowingt&lation For

*0.004
symmetry)*.006

*0003
*O008
*.056
*.1O

Thevaluesofthepossibleuncertaintyin ~ a~ear quitelargerelative
tothescatterofthepressure-distributiondata(figs.5 andl’).However,
thepossibleuncertaintyconsists,forthemostpco?t,of errorswhich
wouldintroducea constantshiftintheentiredistributionata given
stationorerrorswhichwouldresultina smallgradient.
thesepossibleerrorscontributetothetotaluncertainty,
reflectedinthescatterofthedata.

RFSULTSANDDISCUSSION

Vapor-ScreenStudies

Beforediscussingtheresultsofthepressure
appropriateto considerthecharacteristicsofthe

Hence,-although
theyarenot

measurements,itis
flowaround& inclined

. -————. - ——— .— .— . —— —. —-
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bodyofthetypeusedinthisinvestigation.Limitedresultsdescribing
certahcharacteristicsoftheflowasdeterminedwiththevapor-screen
techniquehavebeengiveninreference3. A moredetailedco~ideration -

,.

ispresentedinthefollowingdiscussion.

Vapor-screenstudieshaveshowntheexistenceofvorticesinthe
flowfieldadjacenttotheleesideofan inclinedbody. Thesestudies
haveshownthatfora givenbody,theconfigurationandbehaviorofthe
vortices,inadditiontodependingonthefree-stresmReynoldsnumberand
Machnumber,arestrongfunctionsoftheagle ofattack.Thebehavior
ofthevorticeswithregardtoangle-of-attackeffects- be roughly
dividedintothreeregimesbaseduponobservationsofthesteadinessand
dispositionofthevorticesatthebaseofthemodel:thelowangle-of-
attackregimeinwhicha steadysymmetricpti isformed,theintermediate
rangeinwhicha steadyasymmetricconfigurationoftwovorticesexists,
andthehighanglersngeinwhichanaperiodicallyuhsteadyasymmetric
configurationoftwoormorevorticesappears.Althoughadequatefor
dividingtheflowintosteadysndunsteadyreghes,thesesimpleclassi-
ficationsarenotalwaysindicativeofthevortexconfigurationoverthe
entirelengthofthebodysincetheconfigurationvarieswithdistance
downstreamfromthenoseofthemodel.

Foranglesofattacklessthana~roxtitel.y22°,a symmetricpair
.)

of steadyoppositelyrotatingvorticesisformedontheuppersideofthe
body. Thesevortices,whichwerefirstdetectednearthebaseofthe .,
model,werenotfoundwiththevapor-screentechniqueforanglesofattack
lessthan6°. However,itislumwnfrcmthepressuredistributionstobe
discussedlaterthatcross-flowseparationwithpresumedfor&rbionofthe
vorticesoccurredatevensmallerauglesof attack.As theangleof
attackisincreasedabove6°,thevorticesappeartoincreasein strength
andmaybe tracedprogressivelyfartherforwardonthebodysothatat
approximately15°,theyextendover.theentirelengthofthebody.

Theangle-of-attackraugeinwhicha steadyasymmetricconfiguration
oftwovorticesappearsisfromappmdmately22°to26°. me asymmetry
isfirstdetectednearthebaseofthemodelsothatwhilethevortex
patternisasynunetiicnearthebase,itmaybe symmetricovertheforward
partofthemodel.Withincreaseinangleofattackwithinthisrsngej
theasymmetrybecomesmorepronouncedand,ata~roximately26°,theflow
becomesunsteady.

Fordllanglesofattackfromapproximately26°to 36°,themaximum
an@e ofattackofthetests,theaperiodicallyunsteadyconfigurationof
twoormorevorticesa~ears. Thevortexconfigurationissimilarto that
shownby thevaporscreenaudschlierenpicturesoffigure2 inwhichthe t.
p~tt~rnofvorticesnearthebase,figure2(c),rescmiblesthefsmiliar
Karmanvortexstreet.Twodifferentunsteadyconfigurationsarefoundin
thisangle-of-attackrange.Oneisassociatedwtththeappearanceofan ,
additionalvortexintheflowfieldandtheotherwitha simpleshifting

_..
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oftheasymmetryofthevortexpattern.In eithercasethesechanges
occuraperiodicsllywithno qppsrentchangeineithertheangleofattack
orthefree-stresmflowconditionsandareacconpxniedby a shudderingof
themodel,indicatinga suddenchangeinforcedistribution.

Ithasbeenpointedoutpreviously(ref.3)thatthereisan analogy
betweenthedevelopmentofthecross-flowvortexsystemwithdistance
alongan incltiedbodyandthedevelopmentwiththe oftheflowabouta
circularcylindersetinmotionimpulsivelyfromrestina directionnor-
maltotheaxisofrevolution.Inbothflowsa pairof symmetricvor-
ticesisdevelopedhitially.Thesevortices#?owin sizeandare
elongatedinthecross-flowdirectionwithdistancealongthebodyfor
theinclinedbodyandwithtimeelapsedforthecircularcylinder.
Eventually,thisflowpatternbecomesunstableanda periodicdischsrge
ofvorticesresults.Fortheinclinedbody,theperiodicvortexdischarge
appearswhenthedevelopmentoftheflowisviewedina planewhichmoves
withthefluid;whereas
whentheflowisviewed
cylinder.

forthecircularcylinder,theperiodicityappears
ina planewhichisfixedwithrespecttothe

PressureDistributions

Zero lift.-Thetheoretical-pressuredistributionat zeroangleof
attackhasbeencalculatedby severaldifferentmethodsforcomparison
withtheexpertientaldatapresentedinfigure3. Sincethe.sl-qeofthe
surfaceofthebodyis everywheresmallrelativeto thefree-stresmMach
angle,thereislittledifferencebetweentheresultsobtainedby theuse
oftheline= theory(ref.6)andthemoreexactmethodsofthesecond-
ordertheoryorthemethodof characteristics,references7 and8, “
respectively.Theprincipaldiffereiiceinthetheoreticalresultsisin
thepressurecoefficientatthenoseofthemodel.ForthisMachnuniber
andnoseangle,thesecond-ordertheoryyieldsresultswhichagreewith
theexactTaylor-Maccollvalue;whereasthelineartheoryyieldsa some-
whatlowervalue.Themethodof characteristicssolutionforthepressure
distributionoverthenoseofthismodelwascomputedfromtheanalytic
expressiongiveninreference8. Theexpressionresultsfromthecorre-
lationofanmiberof characteristics,solutions,andisexpressedinterms
ofthehypersonicsimilaritypsmmeter.Sinceitwasnecesssrytoextra-
polatetheresultspresentedthereinforthepresentapplication,the
accuracyhasundoubtedlysufferedto someextent.Nevertheless,the
agreementofthisresultwithexperiment~ be consideredadequatein
viewoftheextremes~licity ofcomputationachievedby useofthe
simpleequation.Thecorrespondingdistributionoverthecylindrical
afterbodywasdetermfnedbycross-plottingvaluesobtainedfromthe
appropriatefiguresofreference8. Thedistributionscalculatedwith
lineartheoryandsecond-ordertheorycoincideovermostofthebody
length.Thesedistributionswerecalculatedonlyto apointapproximately

. - - . . . ________ -. — -- -.
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twobody diametersaftofthepointoftangencyofthenosewiththe
afterbodysincethetrendofthecurveswasclearlyestablished,and
thelargeamountof calculationnecessaryto obtainthedistribution
forthefullbodylengthwasnotconsid&edjustified.. .

Thewavinessoftheeqpertmentalpressuredistributionoverthe
nosesectionhasbeenattributeddtrectlyto irregularitiesof slqe of
themodelsurface.As determinedby a contourprojector,themagnitude
ofslopedeviationfromthetheoreticalwasapproximately0.25°at
x = 2.7d andapproximately0.12°at x = 1.4d. Theapparentlylow
valuesofthepressurecoefficientsfor x/d<1 aredueto a slightly
smallernoseangleonthemodelthanwasassumedforthetheoretical
calculations.

Angleofattack.- Althoughtherearea nuniberoftheoreticalmethods
forcalculatingthepressuredistributionsforinclinedbodiesof
revolution(refs.1 and9 to16,forexsmple),theanglesofattackand
bodyshapesforwhichthesemethodsqightbe expectedtoyieldaccurate
resultserelimited.Theselimitationsresultfromboththefailureto
considertheeffectsoftiscosi~andtheassumptionof smalldisturb-
antesinthe.developmentofthetheory.

Sincetheviscouseffectssreassociatedwithseparationofthe
crossflowandsinceseparationwouldbe expectedonlyifthepressure
gradientintheflowdirectionwereadverse,a studyofthetheoretical
inviscidpressuredistributionsshouldgivesumeindicationofthecon-
ditionsforwhichcross-flowseparationmightbe anticipated.Inthis
regard,itisofinterestto considerthevariationwithangleofattack
ofthepositionoftheminimumpressurelineasdeterminedfromthe
pressuredistributionpredictedby thefollowingexpression(refs.1,
“9,or10):

Acp= 2~ Cosesin~ + sin% (1-4 sin%)
.

AS showninfigurek,forallanglesofattackotherthanzero,the
theoreticalminimumpressurelineonthecylindricalafterbodyisat
e=90°. Onthenosesectionofthebody,astheangleofattackis
increasedfrom0°to90°,theminimum-pressurelinemovesprogressively
from e=1800to e = ~o. Althoughthecross-flowseparationline
wouldnotbe expectedto coincidewiththeminimum-pressureline,it
mightbe expectedtofollowthesametrends.Hence,basedWon the
resultsshowninfigure4,cross-flowseparationshouldoccurinitislly
onthecylindricalafterbodyandshouldmoveforwardwithincreasing
angleofattack.Thatthisexpectedtrendisactuallyrealizedis
illustratedby thetypicalpressure-distributiondatainfigure5. The

. circumferential.pressuredistributionsareshownforfouranglesof
attack.Thedataforthestation11.33diametersfromthebowofthe
modelindicatethatatthisstation,thecrossflowhasseparatedatan

,.
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angleofattaclias
positionalongthe
forward.Plotsof

lowas1°. Withincreasing
bodyaftofwhichthecross
thedatasppearingintable

Imately15~, thecrossflowI&isep~atedover

angleofattack,the
flowhasseparatedmoves
I showthatatapprox-
theentirebodylength.

Theposition alohg the body at which cross-flowseparationfirstoccurs
isplottedasa functionofan@e ofattackinfigure6.

It iswithinthisseparated-flowregionthatthevorticeswhich
wereobservedwiththeaidofthevapor-screentechniqueareformed.
Thesecondaryflowofthesevorticeshaspronouncedeffectsonthelocal
distributionofpressurewithintheseparated-flowregion.Theseeffects .
arepredominantinthelowerangle-of-attackrangewherethevortices
arecloseto thesurfaceofthebody. Thelowpressureregionnear
e l~” (figs.5(c)and5(d),forexample)isassociatedwiththeloca-
ti~nofa vortexcore.Thehigheryressurewhichoccursintheplaneof
symmetryontheleeside(f3= 180°)resultsfromtheccmibinedeffects
ofthetwosymmetricallysituatedvorticeswhichrotateinopposite
directionsandtendtoproducea quasi-stagnationline&longthebody
surface.Thevariationwithdistancealongthebodyoftheeffectof
thevortexpaironthelocalpressuredistributionisillustratedby the
datashowninfigure5(d).Themagnitudeoftheexpectedpressurerise
ate= 180° isproportionaltothestrengbhofthevorticesand
inverselyproportionaltotheirdistancefromthebodysurface.Over
thenosewherethevorticeswereweak,butstillclosetothebody,a
smallpressureriseisshuwn.At station6.67dthecoxibinationofvortex
strengthandlocationwassuchthatthelargestpressureriseoccurred
atthisstation.At stationsfartherdownstreamtheeffectofthevor-
ticeswasless,andat stationx = 11.33dthepressurewasnearly
constantbecausethevorticesweresofartiomthebodythatinspiteof
theirincreasedstrengbh,theyhadlittlelocalinfluenceonthebody
pressure.

Althoughitisapparentfromtheforegoingthatviscouseffectsare
importantevenatlowanglesofattack,it isetidentthattheregionof
influenceoftheseviscouseffectsisconfinedprticipallytothelee
Sideofthebody. Hence,thepressuredistributionfortheremainderof
thebodymightbe adequatelypredictedbypotentialtheory.Forcoqar-
isonwiththeexperimentalresults,thepressuredistributionspredicted
by slender-bodytheory(ref.1)havebeenplottedinfigure5 forseveral
stationsalongthebody. Theseparticularstationswerechosenforthe
com&mrisonssincetheysrerepresentativeofthethreedifferentflow
regionsofthebody. Thefirststationis ontheeqmndingportion,the
secondsndthirdstationsarewithintheregionofliftcarry-overonthe
cylindricalafterbody,andthefourthstationis sufficientlyfaralong
thecylindricalportionofthebodysothatit shouldbeinfluencedvery
littleby theliftcarry-overfromthenose. At thelowestangleof
attackthemagnitudeof theliftingpressurecoefficientsis sosmall
relativetotheuncertaintyinthemeasurementsthatcomparisonswiththe
theoreticaldistributionshavelittlesignificance.Forlowanglesof

-..—— . ——— - — -.
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attackwhere
experimental

theeffectsof’cross-flowseparationarenotevidenced,the
pressuredistributionsforthestationonthenoseofthe

bodyareh goodagreement.withthetheoryonbothtiewindwardand
.,

leewardsides.Forthebalanceofthestationstheagreementisgener-
allypoorforanglesofattackof0.9°and4.0°.However,for8°,fair
agreementovermostofthewind-d sideofthemodelisfound.

Foranglesofattackgreaterthan10°theMachnmibernormaltothe
inclinedaxisofthebodyexceedsthewell-tiowncriticalcross-flowMach
numberfora circularcylinder.Hence,itmightbe anticipatedthatfor
thisandlargersinglesofattack,compressibilityeffectswouldcontrib-
utetothelackofagreementoftheexperimentalpressuredistributions
withthosepredictedbythetheory.Thepressure-distributiondatashow
thatthiscmqpressibilityeffectresultsinlargerpressuresthanpre-
dlctedoverthewindwardsideofthemodel.At 15° angleofattackthis
compressibili~effectisnotconstantalongthebodylength;instead,
thedifferencebetweenthee~ertientandtheoryonthewindwardside
diminisheswithdistancealongthebody,andat x = 11.33dtheexperi-
mentaldistributionisingood~eement withtheincompressibletheory.
However,astheangleofattackisincreasedabove15°,thecircumferen-
tialdistributionsaverthecyl~ical portionofthebodybecomeless
dependentwon a.xislposition.The-iation withangleofattackat
stationsslongthecylindricalafterbodyh thishighangle-of-attack
rangeis showninfigure7. At approximately29.5°sngleofattack,or
a crossMachnumberof1.0,thecircumferentialpressuredistributions
arealmostidenticslovertheentirecylindricalsfterbodyandthus
dependonlyonthecross-stresmcharacteristics.As shownbythedata
infigure7, athighanglesofattackthepressuredistributionoverthe
whdwardsideofthebodya~roachesthatpredictedbyclassicalNewtonian ~
theory(ref.14),although,aswouldbeexpected,thepressuresareall
somewhatlowerthantheNewtonianvalues.Thelevelofthepressurein
thewake(fig.7) decreaseswithincreasingangleofattack.At
a= 35.5°,thewess~e OVer~st oftheleesi~ ofthebow iSc~st~t
andthepressurecoefficientisequaltoapproximatelyO.7ofthatcor-
respondingtoa vacuum=It is interestingtonotethatthepressure
levelisveryclosetotheminimumpressureontheleesideofa cylinder
intwo-dimensionalflowatthesamefree-streamMachnmiber(ref.17).
Hence,itappearsthatthelee-sidepressurefortheinclinedbodymay
havealreadyreacheda lowerlimitatthemaximumangleofattackof
thesetestsandwouldthereforenotdecreasewithfurtherincreasesin
incidence.

LiftDistribution

Theory.- ~ theanslysisofreference2, itwasassumedthatthe
viscouscrossflow~out an inclinedbodyofrevolutionissimilarto
thatabouta circularcylindernormalto an airstresmofvelocity

.
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V.sina. Thus,thelocslcrossforceresultingfrcYMtheeffectsof
~scositycouldbe computedfroma knowledgeofthedragcharacteristics
of circularcylinders.Itwasfurtherassumedthatthisso-called
viscouscrossforcecouldbe addeddirectlytothelocalcrossforce
resultingfromthepotentialflow.Basedupontheseassumptions,expres-
sionsforthelift,dragrise,andmomentweredevelcpedasfunctionsof
theangleofattack.It isthepurposeofthefollowingsectionto
examinetheexperimentalliftdistributionandcenter-of-pressureloca-
tioninlightofthistheory.

Comparisonoftheoryandexperiment.-Theexperimentallongitudinal
distributionoflocalnormal-forcecoefficientformodel2 is compared
withtheoreticaldistributionsinfigure8 forseveralanglesof attack.
Munktsslender-bodytheory(ref.18)andTsien~slinearizedtheory
(ref.13)haveeachbeenconibinedwiththeso-cslledviscouscrossforce
calculatedinaccordancewithreference2 toyieldtwodifferenttheoret-
icaldistributions.Thetheoreticalviscouscross-flowcontributionhas
alsobeenshownseparately.Insofarastheabsolute

%itu~ ofthelocalcross-forcecoefficientsat anglesofattackof1 and2° is con-
cerned,thesmalldifferencebetweenthetwotheoreticalresultsis
scmewhatovershadowedby theuncertaintyinthee~erimentaldata,thus
precludinga selectionofthebettertheoryonthisbasisalone.However,
inthislowanglerangethelinearizedtheorydoespredictthegen~al
trendsofthe~erimentaldatabetterthantheslender-bodytheory.In
particular,thenegativeliftregiononthecylindricalafterbodyis
indicated,althoughneithertheexactlocationnormagnitudeofthemax-
imumnegativeliftiscorrect&predicted.Forthehighestaugle-of-
attackdataoffigure8, thereislittleseniblancebetweentheoryand
experimentexceptoverthefirstthreeorfourbodydiameters.

Thelocalnormal-forcedataformodell presentedinfigure9 afford
an opportunitytoassessthevalidityoftwooftheassumptionsofthe
~proximatemethodofreference2. .Thesetwoassumptionswere:First,
thatthecross-flowdragcoefficientusedforcalculatingthelocal
crossforceoneachelementofan inclinedbodywasconstantalongthe
lengthofthebody;andsecond,thattheappropriatemagnitudeofthe
cross-flowdragcoefficientshouldbe thetwo-dimensionalvaluereduced
by a factortoaccountforthefinitelengthofthebody.2Thus,inthe
approximatemethod,thecrossforceon eachelementofthebodywas

?lhissuggestionwasmadesinceitwasknownthatthedragcoefficientof
a circularcylinderoffinitelengthwaslessthanthedragcoefficient
ofa cticularcylinderofinfinitelength.Althoughitwasrecognized
thatthelargestportionofthedragreductionduetofinitelength
shouldoccurneartheendsofthebody,itwasexpedientto consider
thedragreductiontobe equalforeachelementalongthelengthof
thebody.

...—-— .— —..— .—
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reducedby thefactorq whichistheratioofthedragof a circular
cylinderoffinitelengthtothatofa circular.cylinderofinfinite
length.Since,fortheangle-@2-attickrangeofthedataoffigure9,
themajorcontributiontothe‘localnormalforceoverthecylindrical
afterbodyresultsfromthecross-flowseparationforces,thevalidity
oftheseassum@ionscanbe assessed.As totheassumedconstancyof
thecross-flowdragcoefficient,onlyatthehighestangleofattackis
thecrossforceconstantovertheafterbodylength.Fortheangle-of-
attackrangebetween10°and20°thenormalforcedecreasesconttiuously
withdistancedownstreamfromthebe-g ofthecylindricalafterbody.
Althoughthecrossforcedoesvarywithdistancealongthebody,the “
natureofthedistributionsindicatesthatforeachangleof attack,the
crossforceisa~roachinga constantvaluefardownstream.However,
thisasyngptoticvalueisnotreachedonthebodyforanglesofattack
lessthanabout20°. Foranglesofattackof24.5°andgreater,the
crossforceis constantovera portionoftheafterbody.It a~eers,
therefore,thatforallbutthelargestanglesof attackthecross-
forcedistributiononthecylindricalafb?bodyisinfluencedby the
presenceofthenoseofthebodyandthatthelengthofafterbodyinflu-
encedby thisendeffectdecreasesastheangleofattackincreases.
Hence,theassumptionofreference2 thatthecross-flowdragcoefficient
is constantalongthelengthoftheafterbodyismosta~ropriatefor
verylargeanglesofattack.

.,

-,

Thesecondassumptionofreference2 thatmaybe examinedisthat
oftheappropriatemagnitudeofthecross-flowdragcoefficient.The
dashedlinesshuwninfigure9 representthemagnitudeofthelocal
normal-forcecoefficientcalculatedwiththesectiondragcoefficient
forinfinitelylongcticularcylinders(q= 1)fortheappropriatecross”
MachnunibersandcrossReynoldsnumbers.Thesevalues,ratherthanthe
reducedvaluessuggestedinrefer~ce2 (qgO.76),areshownsincethe
reducedvaluesyielded.resultsw~ch were,tigeneral,toolowovermost
ofthelengthofthecylindricalafterbody.Fromthesecomparisonsitis
apparentthatneitherthereducedvaluesnorthevaluesrepresentedby
thedashedlinesinfigure9 areappropriateforthecoqleteangle-of-
attackrange.Itwasconjecturedinreference2 thatthevalueof q
forcrossMachnunibersotherthanthatforwhichdatawereavailable
(M+O)couldbe estimatedby consideringtheeffectivelength-to-diameter
ratioasproportionaltothetruelength-to-diameterratiomultipliedby
theratioofthedragcoefficient,1.2,tothesectiondragcoefficient
at theMachnumberunderconsideration.“Thus,asthecrossMachnumber
increasedinthesubsonicrange,thevalueof ~ woulddecrease.However,
itappearsfromthedataoffigure9 thatitwouldbe moreappropriateto
considerthat q approachesunityasthenormalMachnumberapproaches
unity.Thisisfurthers~ortedby theresultspresentedinreferences
17 and 19 whereinitwasshownthat q iseffectivelyunityforsupersonic “
crossMachnumbers.

,,
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An effectofReynoldsnuMber.- An effectofReynoldsnunb= onthe
localcrossforceisindicatedby thecomparisoninfigure8(e)ofthe
localcross-forcedistributiononthecylindricalafterbodiesofmodels
1 and2 foranangleofattackof15.1°.Thesedatashowthatthelocal
crossforceovertheaftportionoftheafterbodyofmodel2 ismuch
lessthanthatformodell.s Althoughthetwosetsofexperimentaldata
wereobtainedforidenticalfree-streamconditions,thedifferencein
sizeofthetwomodelsresultsina differenceintheReynoldsnunber
basedonmodeldimensions.Thislossincrossforceformodel2 appears
tobe similarinnaturetothereductionin crossforceordragofa
cticulsrcylinderwhichoccurswhenthecriticalReynoldsnmiberis
exceeded.Forthislattercase,thereductionindragresultsfrom
transitionoftheboundarylayeronthecylinderwhichaltersthesepa-
rationpointandeffectsan increaseinthepressurerecoveryonthelee
sideofthebody. Comparisonofthecticumferentialpressuredistribu-
tionsat x = 1~ formodels1 snd2 withtypicalpressuredistributions
forthesdmriticalandsupercriticalReynoldsnuniberflowarounda
circularcylinder(fig.10)showsthatthedifferencesbetweenthedis-
tributionsformodels1 and2 aresimilartothedifferencesbetweenthe
distributionsforthecircularcylinder.4 An increaseofReynoldsnuniber
resultsina largerpressurerecoveryontheleewardsideofthebody
anda lowerminimumpressurewhichoccursnearer0 = goo.

Twosignificantfactsconcerningthevaluesofthecross-flowMach
nwiberandtheReynoldsnumberatwhichthiseffectwasfoundshouldbe
noted.Thecross-flowMachnuniberwasapproximately0.5whichisgreater
thanthecriticalMachnuniberfora circularcylinder.Thus,itis
apparentthatcontrarytoexpectations,thecriticalcross-flowMach .
numberfora circularcylinder(M= 0.4)isnotthemaximumcrossMach
numberforwhichReynoldsnwibereffectscanbe important.However,this
resultdoesnotimplythattheReyuoldsnmiberwillhaveimportanteffects
forallcrossMachnmiberssinceitisobviousthatifthecross-flow
separationcharacteristicsareprimarilydependenton shock-waveboundary- ‘
layerinteraction,astheymustbe forlargecrossMachnudbers,the
Reynoldsntier shouldhavelittleeffect.Thesecondsignificantresult
isthatthecross-flowReynoldsnwiber,baseduponthevelocitynormal
totheinclinedaxisandtheafterbodydiameterofmodel2,wasless
thanthefamiliarcriticalcross-flowReynoldsnuriberfora circular
cylinder.Thisresultisinagreementwiththeresultsofreference19
whichshowthatthecriticalReynoldsnumberfortheflowabouta circu-
larcylinderincline~totheairstreemislessthanthecriticalReynolds

3T0providea directcomparisonofthelocalnormal-forcedistribution
ofmodels1 and2,theexperimentaldataformodel1, asplottedin
figure8,havebeenreferredtothedimensionsofmodel2 since,by
definition(seelistof symbols),thelocalnormal-forcecoefficient
hasthedimensionsr-l.

4Thereferenceq usedforthisplotisthe q normaltotheaxisof
revolution(q@n2cc).

. —- . .— —— — —— — .———
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nmiberbaseduponthelocaldiemeterofthebody,andthevelocitynormal.
totheaxisofthebody. Thus,thecross-flowReynoldsnumbermaynotbe
theproperparameter“forcorrelatingtransitioneffectsonthecrossforce
forinclinedbodies.Inthisregard,itshouldbe notedthatformodel2
ofthepresentinvestigation,theReynoldsnwiber,baseduponthefree-
streamvelocityandthedistanceframthenoseofthemodeltotheaxial o
positionatwhichthetransitioneffectsonthecrossflowwerefirst
detected,wasnesrthevalueforwhichtransitionofthelongitudinal
boundarylayerwouldbe expectedforthetestconditionsandwithinthis
particularwindtunnel.Thus,transitionofthelongitudinalboundary
layermayhavecontributedtothea~arentlylowvalueofthecritical

. cross-flowReynoldsnumber.

LiftandMomentCharacteristics

Thepressure-distributiondataformodel2 havebeenintegratedto
determineliftandmomentcharacteristics.Toprovidea directcompar-
isonwithforcedataobtainedfromprevioustestsofa modelwithan
identicalogivalnosebutofover-allfinenessratioof13.1, theinte-
grationswereterminatedat x = 13.ld.Thecomparisonoftheseresults
is showninfigures11and12. Alsoincludedinthefiguresarethe
characteristicspredictedwithpotentialtheoryaloneandw$thboth
slender-bodytheoryandTsien?slinearizedtheoryh conbi.nationwith
esthatesoftheviscouseffects.Theviscouscontributionhasbeen
estimatedbyboththemethodsuggestedinreference2 inwhichthe

# reducedvalueofthecross-flowdragcoefficientisused(q= 0.72)and
by assumingthefullvalueofthecross-flowdragcoefficienttobe
effective(q= 1.0).TheuseofTsien~slinearizedtheoryinplaceof
slender-bodytheoryhaslittleeffectonmomentandcenterofpressure.
Somesli@timprovementinthepredictionoftheliftandpitching
momentat thehigheranglesofattackresultsfromuseofthefullvalue
ofthecross-flowdragcoefficient,butthisisaccompaniedby a lossin
agreementinthelowangle-of-attackrange.

CONCI.JIDINGREMARKS

Thepressuredistributionandforcecharacteristicsofa slender
bodyofrevolutionconsistingofa finenessratio5.75,circular-arc,
ogivalnosetangenttoa cylindricalafterbodyhavebeenmeasuredfor
anangle-of-attackrangeof0°toapproximately36°. Thefree-stream
ReynoldsnuniberandMachnuniberwere0.5x 10Sperinchand1.98,
respectively.Comparisonsoftheresultswiththeoryshowthatthe
pressuredistributionoverthenoseofthebodyisadequatelypredicted

.

forlowanglesofattack.Viscouseffectswhichresultinseparationof
thecrossflowcausedconsiderabledisagreementoverthetitleewardside
ofthecylindricale$terbodyevenatverylowanglesof attack.The

—.
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cross-flow-separationpoint(thepositiononthebodyaftofwhichthe
crossflowisseparated)movedforwsrdwithincreasingangleofattackj
withtheresultthatthecrossflowis separatedfortheentirelength
ofthebodyatanangleofattackof15.1°.

Theresultsofthestudyofthecross-forcedistributionhaveshown
thateventhoughthetotalcrossforceorliftisinfairagreementwith
thatpredictedbytheapproximatemethodproposedby Allen(NACARMA9126),
thedistributionofloadingdiffersappreciablyfromthatassumedinthe
analysis.It isnotpossibletodeterminefromthepresenttestsifthe
differencesbetweentheexperimentalresultsandthevarioustheories
maybe attributedtofailureofthepotential-flowtheoryortoviscous
effectswhichhavenotbeentskenintoaccount.However,becauseofthe
natureofthesedifferences,itappearsthattheyresultlargelyfram
theviscouseffects.Additionaltheoreticalandexperimentalworkis
neededtoexplorethepossiblerelationshipbetweenthetimedependency
oftheviscousforcesforthecircularcylinderimpulsivelysetin
motionfromrestandtheaxialdistributionoftheviscousforcesfor
theinclinedbody,whichissuggestedbytheanalogybetweenthedevel-
opmentwithtimeoftheflowaboutthecircularcylinderandthedevel-
opmentwithdistanceoftheflowalongthein&ned body.

An effectofReynoldsnwiberonthecrossflowabouttheinclined
bodywasfound.Theeffectwassimilarto thatwhichoccursforthe
two-dimensionalflowarounda circularcylinderwhentheReynoldsnunber
exceedsthewell-knowncriticalvalue.Twosignificantfactsaboutthis
effectshouldbenoted.Thecross-flowReynoldsnuntmratwhichthe
reductionin crossforceoccurredwaslessthanthefsmiliarcritical
valuefora circularcylindernormaltotheairstream.ThecrossMach
nmiberwasgreaterthanthecriticalMachnumberfora circularcylinder.
Thus,itappearsthatthecriticalcross-flawReynoldsnunberforthe
flowaroundtheinclinedbodyislessthanthatofa circularcylinder
normaltotheairstream,andthatReynoldsnumbereffectsareimportant
evenatcrossMachn~ers greaterthanthecriticalMachnmiberfora—
circularcylinder.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,May1,1953
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TABLEI.

NACATN 3715

- EXP~PRESSURE COEFFICIENTSFORA 33-1/3-CALIBER
CYIJNDERM@EL ATVARIOUSANGIJ?Sm ATTACK.~ = 1.98,

Reo= 0.5x 106/IIiCH,MODEL1
(a) a = 10.50

OGIVE-

(C) a = 16.5°

.

(d) a = 19.5°

.. -—.
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!J!ABmI.- EXPER~ l?RESSURECOEFFIC-
~INDER MODELATVARIOUSANGIESOF

FORA 33-1/3-cAL~

Reo ~= ~ = 1“98>= 0.5x l&/INcH,MOD&-1 - Continued..

(f) a = 24.5°

(g) a = 26.5°

(h) a = 29.5°

w
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TABLEIo-EXPERIMENTALITWSURECOEFFICIENTS
.-..CYLINDERMOD13LATVARIOUSANGLESOF

NACATM 3715

FORA 33-1/3-CALIBEROG?NE-
ATTMK. ~ = 1.98,—.

Reo= O.5x 10°/lIWH,MODEL1 - Concluded
(i) a = 32.5°

I

II Fullalalgb,e~dCPlly’lwlwlwl9PlloYl MKfl13Pllw

(3) u = 35.5°
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.
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!l!mmII. - ~ PRESSURIICOEFFICIENTSFORA 33-1/3-C&~ OGIYE-

—

3
iiir
.@

1.33
1.76
2.22
M7
3.U
3.56
4.20
4.Q4
4.0
5.33
i%
6.67

%
8.w

::$
9.33
9.m
D.22
0.67
LIB
2.00
2.67
3.33
boo—

rO.bb.s9
1.33
1.70

[

2.i!2

, M

$;

4:09
%33
z
S.@
7.31
:ZJ

.9:44
8.eg
9.39
9.n

lwa
ML67
11.33
M?.m
12.67
J.3.33
lk.oo

cmINDER-ATvmousmmsaE’ A!m!A&i&d.98,
Reo = 0.5x loylmil,MODEG2

(a) cc= 00

(b) a = O.gO

——— —— —.— .-_—



—

22 NACATN 3715

!I!ABIzlII.- ExmmmmLPmssumCOEFFICIENTSFORA 33-1/3~ OGIVE-
CXIXNI)ERMOD=ATVARIOUSANGLESQFAT!MCK.~ = 1.98,

Reo = 0.5 x 1.0e/mC!H3MODl!L2 - Ccmtfiued
(c) a = 2.0°

(d) a = 4.00

—
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!lYiBmII. - EXEKRImm!ml?mSSmECOIW!WI~ FORA33-1/3+&m
cmmm MODELATVARIOUSAI?msOFATJWJK.I& = 1:98,

Reo = 0.5 x 10S/R?CH,MODEL2- Continued
(e) a= 5.7°

23

OGIVE-

~
a

m.@
1.33
l.m

%
3.U
3.55
4.CXI
4.44
4.69
5.33
5.18
6.22
6.67
7.11
;.g

8:k4
E.&
9.33
9.7a

lo.z?
m.67
11.33
12.oo
L?.&
13.33
1.4.IM

(f) a = 8.0°

O.&
.*

1.33
1.?8
2.2?
2.67

%
4.44
4.89
5.33
%
6.67
T.11
7.55
8.00
8.b4
8.89
9.33
9.m

lea?
x).67
U.33
lam
U?.67
13.33
lhx

.
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TABLEII. - ExPERmEMTALPRRSSORECOEFFICIENTS
CYLINDERMm ATVARIOUSANGLESOF

FORA 33-1/3-(lALIEEROGIVE-
Am!4cK.Mn= 1.989

Reo.= o.5x106/mH)MODEL2 - cOnd&a - -
(g) a = 15.10
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(a) Sideviewschlierenphotograph.

(b) Vapor-screenphotograph (c) Vapor-screenphotograph
forwardstation. rearwardstation.

Fi@re 2.-Schlieren
configurationfor
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Slender-bodytheory(ret 18)+ viscoustheory(ref2)
Bienbpotentialtheory(ref 13J+ viscoustheory(ref 2}
Wscoustheory(ref 2)
ExperimentM!=198,Ree=Q5x/06per inch

Model2 I
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Distancefrom bowof modelin diomefers,x/d

(c) Q=4.0° v
.Figure&- Comparisonof theoreticaland experimentalnormal-forcetfistr/-

bufionat varioustinglesof attack.
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Figure Ii.- Comparison of theoretical and experimental lift and pitching-moment choracter~stics. ti
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. — Slender-body theory {ret 18) + VISCOUStheory (ref 2)

--- 7Wen?spotehtfal theory (reti 13)+ viscous theory (ret 2)
M-= [98. Rea = 0.5 x 10s per inch (Integrated pressure data for model 2, &d= /3.1)
M;= L98; I?ea= 0.5 x106per inch (force data, ref ~ l/d= 13.1)
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Figure 12. - Comparison of theoretical and experlmentol center-of-pressure Iocotionk
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